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The present study evaluated the effect of thermal (temperature) and thermochemical (temper-
atureþ oregano essential oil (EO)) inactivation of Bacillus coagulans spores in Nutrient Broth (NB)
adjusted at 4 Brix and pH of 4.2. Thermal treatments included temperatures between 95 and 103 C. For
thermochemical treatment, ﬁrst temperature was ﬁxed at 100 C and EO concentration varied between
250 and 1000 mg/g. Thermochemical treatment signiﬁcantly reduced the time needed to reduce a 6 log
level of spores compared to thermal treatment, for example around 1.4 min with 400 mg/g of EO. Then,
EO concentration was ﬁxed at 400 mg/g and temperature varied between 90 and 100 C. Although the
ﬁrst results showed a faster spore reduction with 500 mg/g, the ﬁxed EO concentration was 400 mg/g,
since it represents a lower organoleptic impact and also a signiﬁcant reduction in the spores’ resistance.
For instance, at 97 C and 400 mg/g, about 4.3 min was needed to reduce the spores in 6 log, without the
EO this time was 5.0 min. These ﬁndings indicate that oregano EO may be used to render B. coagulans
spores more susceptible to the lethal effect of heat.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
Bacillus coagulans, a non-pathogenic, facultative anaerobic,
thermotolerant and acidophilic bacteria, is an important food
spoilage microorganism. In the canned vegetable industry where
foods are acidiﬁed to pH values between 4 and 4.5, this bacterium is
frequently found, since spores of B. coagulans are able to grow and
germinate at pH values as low as 4 (De Clerck et al., 2004; Lucas
et al., 2006). Moreover, this bacterium is capable of increasing the
pH of food products to values that may allow for germination of
surviving Clostridium botulinum spores (Viedma et al., 2010).
Besides, B. coagulans has caused considerable economic loss for the
food industry because of the “ﬂat sour spoilage”, which is a drastic
acidiﬁcation of the food product due to the production of lactic acid
without gas formation (Lucas et al., 2006). For ofﬁcial protocols to
validate low acidity foods heat sterilization, C. botulinum spores are
the target microorganism and the temperature reference is
121.1 C. Nevertheless, heat resistant mesophilic spore formers
such as Bacillus sporothermodurans (Periago et al., 2004) andx: þ55 48 3721 9687.
e Aragão).
sevier OA license.B. coagulansmay often determine the stability of foods and safety of
industrial processes.
Lately, the food industry has been concerned about the conse-
quences of chemical preservatives in consumers’ health, and also
consumer demand for safe and high-quality foods is increasing.
Therefore, the research for natural preservatives is facing an
increase of newapproaches and technologies. Particularly, essential
oils from herbs and spices have demonstrated antimicrobial
activity against a broad spectrum of microorganisms (Burt, 2004;
Tajkarimi, Ibrahim, & Cliver, 2010). The addition of 2000 and
4000 mg/g of oregano EO in fresh octopus stored under vacuum
packaging and at 4 C, increased the shelf life in 8 and 14 days,
respectively (Atrea, Papavergou, Amvrosiadis, & Savvaidis, 2009).
Mathematical models are developed and analyzed in predictive
microbiology in order to describe microbial behavior (inactivation,
growth and survival) as a function of environmental factors
(Janssen et al., 2008) such as temperature, pH and preservative
concentrations, among others. The mathematical model based on
theWeibull distribution has attracted attention due to its simplicity
and ﬂexibility (Fernandez, Lopez, Bernardoa, Condon, & Raso,
2007). Different shapes of inactivation curves can be described
through the Weibull model: log-linear, convex and concave (Peleg,
2006).
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ture) and thermochemical (temperatureþ oregano EO) inactivation
of B. coagulans spores in nutrient broth (4 Brix and pH of 4.2)
under isothermal conditions.
2. Materials and methods
2.1. Strain and preparation of inocula
B. coagulans ATCC7050 was pre-cultivated in NB (Himedia,
India) at 37 C for 24 h. The microorganism sporulation was per-
formed in Petri dishes containing Nutrient Agar (Biolife, Italy)
supplemented with 5 mg/g of manganese sulfate (Vetec, Brazil)
(Pacheco & Massaguer, 2004). Then, plates were incubated over 10
days at 37 C; previous studies, carried out in our laboratory,
showed that these conditions resulted in the most resistant
B. coagulans spores. After incubation, spores were harvested by
ﬂooding the medium surface with sterile distilled water and gently
rubbing it with a sterile rubber rod. The collected spores were
sedimented by centrifugation (2000g, 15 min) and washed with
sterile distilled water. The centrifugation and washing steps were
accomplished ﬁve times. The ﬁnal spore suspension was stored at
4 C until used. The population density was determined by serial
dilutions in 0.1 g/100 g peptone water, then dilutions were pour
plated in Tryptone Dextrose Agar (TDA) (Biolife, Italy). The plates
were incubated at 37 C for 48 h to determine the initial number of
bacterial spores expressed in CFU/mL.
2.2. Oregano essential oil
The oregano EO was provided by Givaudan Brazil Ltda. (Sao
Paulo, Brazil). EO main compounds were identiﬁed by GC-MS
analysis. The analysis was performed on GC-MS chromatograph
(Varian GC-3800, MS/MS Varian 1200L), VF5-MS column
(30 m 0.25 mm, 0.25 mm) (Varian) using split injection mode
with a ﬂow ratio of 1:10. The operating conditions: injector
temperature was 300 C, carrier gas was helium (He) at a ﬂow rate
of 1 mL/min, initial column temperature was 60 C (maintained for
ﬁve min), warming at a rate of 5 C/min up to 250 C (maintained
for 5 min). The detector and mass spectrometry in scan mode was
in the range of 40e400m/z. The compounds were identiﬁed
through a data base for natural products (Standard Reference Data
Series of the National Institute of Standards and Technology-NIST e
Mass-Spectral Library with Windows search program-Version2),
where the mass spectra were compared. Quantiﬁcation of the
relative amount of the individual components was performed
according to the area percentage method.
2.3. Emulsion procedure
Oregano EO was emulsiﬁed in order to improve its solubility.
Soy lecithin (Alfa Aesar) was used as surfactant. Initially, the organic
phase (EOþ soy lecithin) was stirred magnetically for 50 min, at
a ratio of 4 g of soy lecithin/100 g of EO. Then, the aqueous phase
(NBþ distilled water) was added to the organic phase, at a ratio of
4 g of aqueous phase/g of organic phase. Then they were agitated
for 20 min on a magnetic stirrer. After that, the solution underwent
soniﬁcation by using an ultrasound (Fisher Scientiﬁc, Sonic Dis-
membrator Model 500, 400 W) for 4 min with 70% amplitude. The
emulsion was stored at 4 C until used.
2.4. Heat medium
Nutrient Broth was prepared with distilled water, and adjusted
to 4 Brix by adding glucose (Nuclear, Brazil), standardization wasperformed with the help of a digital refractometer (AR200, Reich-
ert). The medium pH was standardized at 4.2 by adding citric acid
solution at 1.8 g/L and measured by a pH meter (AN2000, Analion).
Soluble solid concentration and pH values were chosen aiming at
simulating tomato pulp, the product in which the oregano EO can
be easily employed and the spoilage by B. coagulans is frequently
reported. The heat medium was autoclaved at 121 C for 15 min.
There was no change in soluble solids and pH after this treatment.2.5. Thermal and thermochemical inactivation
Inactivation tests were performed by using sealed thermal-
death-time (TDT) tubes (8 120 mm glass tubes with wall thick-
ness of 1 mm) (Stumbo, 1978). Contact time between B. coagulans
and oregano EO before heat treatment was standardized at 15 min.
NB containing appropriate concentrations of homogenized EO
emulsion was inoculated with spores of B. coagulans and the
contact time started being recorded immediately.
Initial concentration of bacterial spores was, approximately,
106 CFU/mL. Over the contact time, TDT tubes were ﬁlled with
2.0 mL of the solution (NBþ EOþ spore suspension); afterward,
they were sealed by gas ﬂame (LPG/O2). After the contact time, TDT
tubes were submerged into a thermostatic bath containing silicone
oil. The come-up-time for the temperature in the TDT tubes has
been estimated to be 2 min. Then, TDT tubes were individually
removed at predetermined times and immediately cooled in an ice
bath. After that, TDT tubes were aseptically opened with the aid of
a diamond glass cutter. Population density was determined by
serial dilutions in 0.1 g/100 g peptone water, and dilutions were
pour plated in TDA. The plates were incubated at 37 C for 48 h to
determine the number of bacterial spores expressed in CFU/mL. The
procedure for thermal inactivation was identical to the thermo-
chemical one except for oregano EO addition. For thermal inacti-
vation, tested temperatures were 95, 97, 100 and 103 C. In order to
test EO emulsion efﬁciency, a thermochemical resistance with
500 mg/g of EO at 100 C was performed with the non-emulsiﬁed
EO. In the case of thermochemical treatment, the studied temper-
atures were 95 and 100 C, and the EO concentrations were 250,
300, 350, 400, 500 and 1000 mg/g (stage I). Subsequently, the EO
concentration was ﬁxed at 400 mg/g and the tested temperatures
were 90, 95, 97 and 100 C (stage II and III).2.6. Mathematical modeling
For primary modeling, the Weibull distribution function
(Equation (1)) was adjusted to the experimental data through the
program Matlab (The MathWorks Inc, Natick, USA).
log
NðtÞ
N0
¼ 

t
b
a
(1)
where N0 is the initial number of spores (CFU/mL) and N(t) is the
number of spores after t(min) of heat treatment (CFU/mL); b is
known as the location factor and a is the shape factor.
A general secondarymodel was used to describe the inﬂuence of
temperature on inactivation parameters. The exponential (Equation
(2)) was applied as secondary model through Excel software
(Microsoft).
y ¼ a$expðc$xÞ (2)
where a and c are empirical parameters of the equation; x corre-
sponds to values of temperature (C); and y corresponds to values
of b or a or the time to reach six decimal reductions (t6D).
Table 1
Compounds identiﬁed in the oregano essential oil with retention times and relative
concentration (%) detected by gas chromatography/mass spectrometry.
Compound Retention time (min) Concentration (%)a
a-Pinene 7.4 1.59
Canphene 7.97 0.29
b-Pinene 8.92 0.36
b-Myrcene 9.3 2.74
g-Limonene 9.83 0.15
a-Phelandrene 9.91 0.19
a-Terpinene 10.27 1.01
p-Cymene 10.65 12.27
D-Limonene 10.73 0.27
Eucalyptol 10.84 0.16
g-Terpinene 11.76 8.63
Terpinolene 12.6 0.21
Linalool 13.13 3.43
Isoborneol 15.21 0.32
Borneol 15.47 0.62
4-Terpinenol 15.71 0.47
Thymol 18.99 2.91
Carvacrol 19.56 59.44
Caryophyllene 22.5 2.07
a-Caryophyllene 23.44 0.26
Caryophyllene oxide 26.58 1.04
a % fraction of total area.
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In order to check the quality of the Weibull distribution ﬁt, the
following statistical parameters were calculated: correlation coef-
ﬁcient (R2), root mean square error (MSE) and standard deviation
(SD). The correlation coefﬁcient (R2) measures the fraction of
variation over the mean that is explained by a model. The higher
the value (0< R2<1), the better the prediction by the model is (Jin,
Zhang, Hermawan, & Dantzer, 2009). The mean square error
(Equation (3)) presents the modeling error for data, i.e. how close
the predicted values are to observed values (Zimmermann,Miorelli,
Massaguer, & Aragao, 2011). The standard deviation (SD) of the
estimated parameters was calculated with Equation (4).
MSE ¼
P
vobserved  vpredicted
2
n p (3)
SD ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃPðvobserved  vÞ2
n 1
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Fig. 1. Isothermal inactivation (log(N/N0) versus time) of B. coagulans in NB (4 Brix, pH o
continuous line represents the ﬁt of the Weibull distribution to the experimental data. [N0 is
treatment (CFU/mL)].The value of experimental data is given by vobserved; the value estimated
by themodel is given by vpredicted; v is themeanvalue;n is the numberof
experimentalobservationsandp thenumberofparameters in themodel.
3. Results
3.1. Oregano EO components
Table 1 shows the 21 identiﬁed components for oregano EO by
GC-MS analyses. Carvacrol (59.44%) is the major component, fol-
lowed by r-cymene (12.27%), g-terpinene (8.63%), linalool (3.43%)
and thymol (2.91%). Thesemolecules represent 86.7% of the fraction
of total area of the peaks. According to literature, EO can be
composed of more than 60 individual components, where the
major components represent around 85% of the EO, and other
components exist only as a trace (Burt, 2004).
Oregano EO is characterized mainly by phenolic compounds,
such as carvacrol and thymol, and their precursors, g-terpinene and
r-cymene (Aslim & Yucel, 2008). Thus, the chemical proﬁle shown
in Table 1 is analogous to those established in literature, where
carvacrol was found to be the major component of oregano EO
(Aslim & Yucel, 2008; Barros et al., 2009; Liolios, Gortzi, Lalas,
Tsaknis, & Chinou, 2009).
3.2. Thermal inactivation of B. coagulans spores
Fig. 1 displays the ﬁt of the Weibull distribution function to
thermal inactivation experimental data (log(N/N0) versus time) at
95, 97, 100 and 103 C. Table 2 shows the parameter values of b and
a, and the t6D with their respective correlation coefﬁcient (R2) and
mean square error (MSE) for thermal inactivation. The Weibull
model showed good ﬁt to experimental data, since MSE was closer
to 0, and correlation coefﬁcient was near 1. Parameters b and a, and
t6D decrease when temperature increases.
3.3. Thermochemical inactivation of B. coagulans spores
First, in order to test the efﬁciency of EO emulsion, a thermo-
chemical resistance with 500 mg/g of EO, concentration chosen
randomly, was performed with non-emulsiﬁed EO and emulsiﬁed
with soy lecithin. Soy lecithin was chosen as an emulsiﬁer because
it is widely used in the food industry. Also, lecithin is recognized as
GRAS (Generally Recognized as Safe) by the FDA (American Food
and Drug Administration) (Oke, Jacob, & Paliyath, 2010). The results
showed that the t6D with pure EO was 2.8 min, whereas with the4.0 5.0 6.0
in)
f 4.2) without oregano EO at (,) 95 C, (:) 97 C, (C) 100 C and (-) 103 C. The
the initial number of spores(CFU/mL) and N is the number of spores after t (min) of heat
Table 2
Estimated parameter values of the Weibull model, a and b, and the time to reach 6
decimal reductions of B. coagulans spore inactivation by temperature (thermal
treatment).
Temperature (C) aa bb t6Dc(min) R2 d MSEe
95 3.81 3.79 6.06 0.9619 0.146
97 2.14 2.15 4.98 0.9765 0.129
100 3.09 1.82 3.25 0.9928 0.033
103 1.53 0.24 0.78 0.9892 0.101
a a, shape factor.
b b, location factor.
c t6D, time to reach 6 decimal reduction (min).
d R2 the correlation coefﬁcient.
e MSE, mean square error.
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plished with emulsiﬁed EO.
Secondly, a thermochemical resistance with 500 mg/g of emul-
siﬁed oregano EO at 95 and 100 C was accomplished in order to
deﬁne the temperature for the next inactivation tests. The differ-
ence in the t6D between the treatment with and without the EO at
95 C was around 0.4 min, an irrelevant difference; hence the
thermochemical treatment at 95 C did not show a synergistic
effect between the temperature and the EO. On the other hand, at
100 C this difference was approximately 1.5 min. Thus, at 100 C
the oregano EO showed a strong antibacterial activity. Some studies
have reported a positive relationship between the heat treatment
and antimicrobial efﬁciency of natural preservatives: The temper-
ature increases the bioactivity of the molecules by increasing their
vapor pressures and their ability to solubilize in the membranes of
microorganisms (Belletti et al., 2007; Lanciotti et al., 2004). Thus,
the temperature of 100 C was chosen for the next inactivation test.
The temperature of 103 C was not chosen because spores died
quickly at this temperature without EO addition.
Fig. 2 displays the ﬁt of the Weibull distribution function to the
experimental data of thermochemical inactivation of B. coagulans at
100 C and EO concentration of 0, 250, 300, 350, 400, 500 and
1000 mg/g. At any EO concentration, spore inactivation is faster than
without oregano EO. Moreover, at intermediate concentrations
inactivation follows a logical sequence, the higher the concentra-
tion, the faster the death of bacterium spores is. Curves in Fig. 2
show the behavior of the most thermal resistant between the
curves from duplicate trials for each concentration.
Table 3 summarizes the mean value and standard deviation of
ﬁtted parameter values, such b and a, and the t6D, at 100 C and0 0.5 1 1.5
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Fig. 2. Experimental inactivation isothermal curves (log(N/N0) versus time) of B. coagulans in
(C) 400, (;) 500 and () 1000 mg/g of oregano EO. The continuous line represents the
spores(CFU/mL) and N is the number of spores after t (min) of heat treatment (CFU/mL)].different EO concentrations (stage I). For the thermochemical
resistance at 300 and 350 mg/g, themean value of t6Dwas the same,
these concentrations reduced the t6D in around 1.0 min from the
thermal resistance without EO. The concentration of 400 mg/g
resulted in a reduction of approximately 1.4 min and the concen-
tration of 500 mg/g in 1.9 min in the t6D from the thermal resistance
without EO. However, the concentration of 400 mg/g was chosen to
continue the experiment with different temperatures since the
organoleptic impact in a food product can be lower than at 500 mg/g.
Subsequently, the thermochemical resistanceswerecarriedoutwith
the ﬁxed EO concentration of 400 mg/g and different temperatures.
For the thermochemical resistance at 400 mg/g, the parameter
mean values of b and a, and the mean value of t6D, with their
respective standard deviation, are shown in Table 3 (stage II). As can
been seen in Table 3, the values of parameter a for the thermo-
chemical resistance at 400 mg/g of oregano EO do not depend on
temperature since these values did not differ signiﬁcantly with
increasing temperature. Therefore, the Weibull model with a ﬁxed
a was ﬁtted to the thermochemical experimental data. Some
studies had already worked with the Weibull model with a ﬁxed
a (Periago et al., 2004; van Boekel, 2002) achieving good results.
The mean value of a for the thermochemical resistance with
400 mg/g of EO (stage II), equal to 2.65, was used to recalculate b and
t6D. Fig. 3 exhibits the behavior of the most thermal resistant
between the curves from duplicate trials for each concentration
generated through theWeibull model with parameter a ﬁxed (2.65)
with 400 mg/g of EO. The newmean values for parameter b and t6D,
with their respective standard deviation, with constant a (2.65) and
EO concentration (400 mg/g) are shown in Table 3 (stage III).
Fig. 4 shows the dependence on temperature of the parameter
b and the t6D for the Weibull model with ﬁxed and varying a at
400 mg/g of oregano EO. Through Fig. 4, it can be observed that
modeling with a ﬁxed a did not signiﬁcantly vary the values of
b and t6D, similar to in the secondary model. Equations (5) and (6)
show the secondary model for the temperature dependence of
b and t6D with a ﬁxed a, respectively. And Equations (7) and (8)
present the secondary model for the temperature dependence of
b and t6D with a varying a, respectively. The exponential equation
(Equation (2)) showed a good ﬁt to b and t6D, as can be seen in Fig. 4
and also through the R2 values.
bðTÞ ¼ 4:109expð0:21$TÞ R2 ¼ 0:97 (5)2 2.5 3 3.5
 (min)
NB (4 Brix, pH of 4.2) at 100 C without EO (-), and with (B) 250, (:) 300, (,) 350,
ﬁt of the Weibull distribution to the experimental data. [N0 is the initial number of
Table 3
Estimated mean values and standard deviation of the Weibull model parameters,
a and b, and the time to reach 6 decimal reductions of B. coagulans spore inactivation
for the three stages of the thermochemical inactivation. (I) at 100 C and different EO
concentrations, (II) with 400 mg/g of oregano EO and different temperatures with
a varying parameter a and (III) with 400 mg/g of oregano EO and different temper-
atures with a ﬁxed parameter a (2.65).
Stage Temperature
(C)
EO
(mg/g)
aa SDd bb SDd t6Dc SDd
(min)
I 100 0 3.05 0.05 1.71 0.15 3.08 0.23
250 5.07 0.32 1.65 0.07 2.35 0.15
300 5.43 0.89 1.43 0.05 2.00 0.04
350 1.77 0.31 0.72 0.14 1.99 0.03
400 2.67 0.25 0.85 0.23 1.66 0.34
500 2.05 0.04 0.50 0.11 1.20 0.29
1000 1.32 0.13 0.35 0.05 1.38 0.00
II 90 400 2.62 0.33 8.10 0.08 16.16 1.54
95 2.56 0.27 2.89 0.10 5.85 0.64
97 2.72 0.81 2.20 0.78 4.28 0.66
100 2.67 0.25 0.85 0.23 1.66 0.34
III 90 400 2.65 8.22 0.7 16.17 1.4
95 2.97 0.3 5.83 0.6
97 2.21 0.4 4.34 0.8
100 0.85 0.2 1.67 0.36
a a, shape factor.
b b, location factor.
c t6D, time to reach 6 decimal reduction (min).
d Standard deviation of the parameters values.
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bðTÞ ¼ 2$109expð0:21$TÞ R2 ¼ 0:97 (7)
t6DðTÞ ¼ 8$109expð0:22$TÞ R2 ¼ 0:98 (8)4. Discussion
In this study, the relationship between temperature and
oregano EO concentration in the resistance of B. coagulans spores
was investigated. These particular variables were explored
regarding their inﬂuence on the degree of microbial inactivation.
Due to quality and sensorial reasons, it is really important to ﬁnd an
optimal time and temperature combination for food heating
process. Addition of natural food-compatible additives could0 2 4 6 8
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Fig. 3. Experimental inactivation isothermal curves (log(N/N0) versus time) of B. coagulans in
and (B) 100 C. The continuous line represents the ﬁt of the Weibull distribution with a ﬁxed
N is the number of spores after t (min) of heat treatment (CFU/mL)].decrease optimal time and temperature combinations (Juneja,
Hwang, & Friedman, 2010; Juneja, Thippareddi, & Friedman, 2006).
The literature suggests a positive interaction for thermochem-
ical treatments involving heat and natural preservatives, such as
essential oils and their major molecules (Karatzas, Bennik, Smid, &
Kets, 2000; Periago, Conesa, Delgado, Fernandez, & Palop, 2006;
Somolinos, Garcia, Condon, Mackey, & Pagan, 2010). For instance,
application of mild heat treatment at 55 C was not enough to
prevent the growth of Saccharomyces cerevisiae in non-carbonated
fruit juice (Belletti et al., 2007; Belletti, Kamdem, Tabanelli,
Lanciotti, & Gardini, 2010). However, heat treatment at 55 C for
16 min with concentrations above 100 mg/g of citral, a molecule
present in some essential oils, resulted in a probability of 90% of
bottles not being contaminated with the fungus.
As shown in Figs. 1e3, the Weibull model ﬁtted well to the
inactivation curves. Even though the Weibull model has an
empirical nature, a connection can be made with physiological
effects (van Boekel, 2002). All inactivation curves described in this
study by the Weibull model had shown a downward concavity
(a> 1). The shape factor larger than 1 indicates that remaining
spores become increasingly damaged, and probably the continued
exposure results in accumulated damage (Peleg, 2006; van Boekel,
2002). This also means that it takes a progressively shorter time to
destroy the same fraction of B. coagulans spore survivors as the
survival ratio decreases (Aragao, Corradini, Normand, & Peleg,
2007). The parameter b is usually considered a measure of micro-
organism resistance to treatment and decreases with temperature
(Unluturk, Atilgan, Baysal, & Unluturk, 2010).
The time to reach 6 decimal reductions, a microbial reduction
usually considered sufﬁcient for pasteurization, decreases with the
increase of temperature and EO concentration. The thermal inac-
tivation at the highest temperature, 103 C, resulted in the lowest
value for the t6D. For the thermochemical inactivation at 100 C
with different EO concentration, the t6D was lower at 500 mg/g
followed by oregano EO at 1000 mg/g and 400 mg/g. Even though at
400 mg/g of oregano EO the t6D was longer than at 500 and
1000 mg/g, this concentration was chosen to continue the experi-
ments with different temperatures, because it can result in a milder
sensory impact. Since at 1000 mg/g the death of spores was slower
than at 500 mg/g, B. coagulans may be affected only up to a certain
EO concentration. A possible explanation is that at higher concen-
trations the broth is already saturated with EO, so the antimicrobial
action of oregano EO does not increase with its addition, and
probably the surplus EO does not come into contact with the
microorganism. Juneja, Hwang, and Friedman (2010) found
a similar behavior related to Salmonella inactivation. The average10 12 14 16 18
 (min)
NB (4 Brix, pH of 4.2) with 400 mg/g of oregano EO at (C) 90 C, (,) 95 C, (:) 97 C,
parameter a to the experimental data. [N0 is the initial number of spores(CFU/mL) and
Fig. 4. The temperature dependence of the parameter b (location factor) and the t6D from the Weibull model with ﬁxed and varying a (shape factor) from the thermochemical
treatment of B. coagulans spores with 400 mg/g of oregano EO. The symbols represent the value of bwith (:) ﬁxed a and (,) varying a, and the value of t6Dwith (D) ﬁxed a and (-)
varying a. The continuous line represents the ﬁt of Equations (5)e(8) to the experimental data.
L.U. Haberbeck et al. / LWT - Food Science and Technology 46 (2012) 267e273272inactivation rate at 60 or 65 C of this microorganism was not
signiﬁcantly different in ground beef added with 5000 and
10,000 mg/g.
The Weibull model with a ﬁxed a, used in the thermochemical
treatment with ﬁxed EO concentration (400 mg/g), showed a good
ﬁt to the thermochemical experimental data. Hence, the Weibull
model with a ﬁxed a, equal to 2.65, could be used to model this
nonlinear inactivation curves shown in Fig. 4. van Boekel (2002)
analyzed the temperature dependence of the two parameters
a and b from55 case studies taken from literature. In themajority of
examples, a was larger than 1, and no signiﬁcant relation with the
temperature could be found, whereas b was temperature depen-
dent in all examples.
5. Conclusions
This study provides experimental evidence that oregano EO
enhances the sensitivity of B. coagulans to heat treatment. These
results are in agreement with results reported by literature where
the antimicrobial activity of essential oils is well documented for
other microorganisms. It is important to note that this study was
done in a static method (TDT tubes), which does not take into
account factors such as shear stress or temperature variations.
Besides that, it has generally been found that a greater concentra-
tion of antimicrobials is needed to achieve the same effects in foods
(Periago et al., 2006), thus trials would need to be performed prior
to drawing any conclusions to be applied directly in the food
industry. And, at the same time, new studies about the organoleptic
impact of the oregano EO added at different concentrations in food
products must be developed.
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